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ABSTRACT
We investigate the evolution of Type Ib/c supernova (SN Ib/c) progenitors in close binary systems,
using new evolutionary models that include the effects of rotation, with initial masses of 12 – 25 M⊙
for the primary components, and of single helium stars with initial masses of 2.8 – 20 M⊙. We
find that, despite the impact of tidal interaction on the rotation of primary stars, the amount of
angular momentum retained in the core at the presupernova stage in different binary model sequences
converge to a value similar to those found in previous single star models. This amount is large enough
to produce millisecond pulsars, but too small to produce magnetars or long gamma-ray bursts. We
employ the most up-to-date estimate for the Wolf-Rayet mass loss rate, and its implications for SN
Ib/c progenitors are discussed in detail. In terms of stellar structure, SN Ib/c progenitors in binary
systems at solar metallicity are predicted to have a wide range of final masses up to about 7 M⊙, with
helium envelopes of MHe ≃ 0.16 − 1.5 M⊙. Our results indicate that, if the lack of helium lines in
the spectra of SNe Ic were due to small amounts of helium (e.g. MHe . 0.5), the distribution of both
initial and final masses of SN Ic progenitors should be bimodal. Furthermore, we find that a thin
hydrogen layer (0.001 M⊙ . MH . 0.01 M⊙) is expected to be present in many SN Ib progenitors at
the presupernova stage. We show that the presence of hydrogen, together with a rather thick helium
envelope, can lead to a significant expansion of some SN Ib/c progenitors by the time of supernova
explosion. This may have important consequences for the shock break-out and supernova light curve.
We also argue that some SN progenitors with thin hydrogen layers produced via Case AB/B transfer
might be related to Type IIb supernova progenitors with relatively small radii of about 10 R⊙.
Subject headings: Stars:evolution, stars:rotation, stars:massive, binaries:close, supernovae:general
1. INTRODUCTION
It is generally believed that Type Ib and Type Ic su-
pernovae result from core collapse events of naked helium
stars. The helium stars are thought to be produced by
the loss of the hydrogen envelope, via stellar winds mass
loss from massive single stars or via mass transfers in
close binary systems.
According to recent stellar models adopting the
most up-to-date stellar winds mass loss rates
(Meynet & Maeder 2003, 2005; Eldridge & Vink
2006; Limongi & Chieffi 2006; Georgy et al. 2009),
the final masses (Mf) of helium stars produced by
mass-losing single stars appear to be too massive
to produce typical SNe Ib/c (i.e., Mf > 10 M⊙ at
solar metallicity). Although the limiting mass for BH
formation is not yet well determined, given their high
binding energy, such massive progenitors ofMf > 10 M⊙
are likely to form black holes (BHs), producing faint
supernovae or no supernova at all (cf. Fryer 1999).
Although very bright SNe Ib/c like SN 1998bw could
be produced from such massive helium stars if, for ex-
ample, powered by rapid rotation (e.g., Woosley 1993;
Burrows et al. 2007), such events are shown to be rare
(e.g., Podsiadlowski et al. 2004; Guetta & Della Valle
2007).
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By contrast, helium stars with a wide range of masses
(2.0 M⊙ . MHe . 25 M⊙) can be made from 12...60 M⊙
primary components in close binary systems via the so-
called Case A/B mass transfer.4 Many of them may end
their life as bright SNe Ib/c leaving neutron stars as rem-
nants, if their final masses are less than about 7 – 10 M⊙.
Population studies indeed show that close binary stars
can produce a sufficient number of SNe Ibc to explain
their observed rate, without the need of invoking single
star progenitors (e.g., Podsiadlowski, Joss & Hsu
1992; de Donder & Vanbeveren 1998;
Eldridge, Izzard & Tout 2008). Therefore, it is
most likely that the majority of typical SNe Ibc are
produced in binary systems.
The observational evidence for the connection be-
tween SNe Ibc and long gamma-ray bursts (GRBs)
has particularly motivated many observational studies
to better understand SNe Ibc since the last decade
(see Woosley & Bloom 2006, for a review). The-
oretical stellar models of SNe Ibc progenitors are
thus highly required nowadays. The most compre-
hensive studies on the detailed characteristics of SNe
4 Case A, B or C mass transfer denotes mass transfer from the
primary star during core hydrogen burning, helium core contrac-
tion/beginning of core helium burning, or core helium burning and
later stages, respectively. On the other hand, if mass transfer oc-
curs during helium core contraction/beginning of core helium burn-
ing from a star that has already undergone Case A mass transfer,
such a mass transfer phase is called Case AB. Case ABB or Case
BB mass transfer denotes mass transfer from the primary star dur-
ing core helium burning and/or later stages, which has already
undergone Case AB or Case B mass transfer, respectively.
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Ibc progenitors in binary systems were conducted by
Woosley, Langer & Weaver (1995) (hereafter, WLW95)
using mass-losing pure helium star models, and by
Wellstein & Langer (1999) (hereafter, WL99) using self-
consistent binary star models. Although more recent the-
oretical studies on SNe Ibc progenitors in binary systems
can be found in the literature, they have been focused
on long GRB progenitors or stellar populations, rather
than on the detailed nature of typical SNe Ibc progenitors
(e.g., Brown et al. 2000; Izzard, Ramirez-Ruiz & Tout
2004; Petrovic et al. 2005a; Cantiello et al. 2007;
van den Heuvel & Yoon 2007; Detmers et al. 2008;
Eldridge, Izzard & Tout 2008).
In this paper, we revisit the problem of SNe Ibc progen-
itors in close binary systems using both binary star and
single helium star models up to the neon burning stage,
with updated physics of two important ingredients. One
is rotation, which was not considered in WLW95 and
WL99, and the other is the mass loss rate of Wolf-Rayet
(WR) stars (Sect. 2).
This paper is organized as follows. In Sect. 2, we briefly
review recent developments of stellar evolution models
regarding the effects of rotation and the WR star mass
loss rate, arguing for the need of updated physics in bi-
nary star models. Our adopted physical assumptions and
numerical method are discussed in Sect. 3. In the fol-
lowing section (Sec. 4), using our binary star evolution
models including the effect of rotation and the transport
of angular momentum due to hydrodynamic instabilities
and magnetic torques, we explore the role of tidal inter-
action and mass transfer in the redistribution of angu-
lar momentum in primary stars. In Sec. 5, the nature
of SNe Ibc progenitors is investigated in terms of final
masses, masses of helium and hydrogen layers, radii and
mass loss rates at the presupernova stage, assuming these
properties do not significantly change from neon burning
to core collapse. For this purpose, we also present mass-
losing single helium star models as a complement to our
binary star models, given that the parameter space ex-
plored with our binary model sequences is limited. We
conclude the paper by discussing observational implica-
tions of our results, in Sect. 6.
2. ROTATION AND WOLF-RAYET WINDS
2.1. Rotation
Rotation has particular roles in the evolution
massive stars as it changes the stellar structure,
induces chemical mixing and enhances mass loss
due to stellar winds (Maeder & Meynet 2000;
Heger, Langer & Woosley 2000). During the last
decade, several authors have calculated massive star
models up to the pre-supernova stage, considering
the redistribution of angular momentum and chemical
species due to rotationally induced hydrodynamic
instabilities, such as Eddington-Sweet circulations,
and the shear instability (Heger, Langer & Woosley
2000; Hirschi, Meynet & Maeder 2004). Although
these models could explain some observational aspects
such as surface abundances of CNO elements of mas-
sive stars and Wolf-Rayet (WR) star populations at
different metallicities (e.g., Maeder & Meynet 2000;
Heger & Langer 2000; Meynet & Maeder 2005), their
adopted angular momentum transport mechanisms
turned out to be too inefficient to explain the observed
spin rates of stellar remnants (Suijs et al. 2008). I.e.,
their models predict nearly two orders of magnitude
higher spin rates of white dwarfs and young neutron
stars than the observed ones. These models also imply
that almost all WR stars can retain enough angular
momentum to produce GRBs, either by magnetar
or collapsar formation depending on the final mass.
This gives a nearly 1000 times higher ratio of GRBs
to SNe than the observationally implied value. On
the other hand, Spruit (1999, 2002) suggested that
magnetic torques resulting from dynamo actions in
differentially rotating radiative layers (the so-called
Spruit-Tayler dynamo) should be the dominant angular
momentum transport mechanism compared to the pure
hydrodynamic instabilities. Recent magnetic models
that adopt the Spruit-Tayler dynamo according to
the prescription by Spruit (2002) are indeed more
consistent with observations in terms of the spin rates
of stellar remnants (Heger, Woosley & Spruit 2005;
Suijs et al. 2008). Magnetic models also better explain
the fact that long GRBs are rare events compared
to normal core collapse supernovae. Although the
Spruit-Tayler dynamo mechanism is still subject to
many uncertainties (Denissenkov & Pinsonneault 2007;
Zahn, Brun & Mathis 2007), these recent studies
indicate that an efficient angular momentum transport
mechanism comparable to what the Spruit-Tayler dy-
namo predicts is needed to understand the observations.
The above discussion is based on single star models,
and the role of rotation in the evolution of massive bi-
nary stars remained relatively unexplored. Massive stars
in close binary systems are supposed to experience an ex-
change of mass and angular momentum via mass trans-
fer and tidal interaction, and thus the evolution of binary
stars is more complex than that of single stars. Wellstein
(2001) and Langer, Wellstein & Petrovic (2003) pre-
sented, for the first time, self-consistent calculations of
massive binary star evolution models including many rel-
evant effects of rotation and binary interactions: the
change of the stellar structure due to the centrifu-
gal force, transport of angular momentum and chem-
ical species due to rotationally induced hydrodynamic
instabilities, tidal interaction, transfer of mass from
the primary, accretion of mass and angular momentum
of the secondary, and resulting changes of the orbit.
Their work indicates that the secondary can be eas-
ily spun up by mass accretion even up to critical rota-
tion, thus modulating the mass accretion efficiency by
the interplay of the enhanced mass loss due to rota-
tion from the spun-up secondary and the mass trans-
fer from the primary. This effect provides important
clues to better understand the evolutionary paths of
some observed X-ray and WR star binary systems as
discussed by Langer, Wellstein & Petrovic (2003) and
Petrovic, Langer & van der Hucht (2005b). Their non-
magnetic models also show that massive stars may end
up with different core spin rates depending on the his-
tory of mass loss/gain during binary evolution, that could
be related to the observational diversity of core-collapse
supernovae. More recently, Petrovic et al. (2005a) and
Cantiello et al. (2007) included the Spruit-Tayler dy-
namo in their binary models, and discussed possible
evolutionary paths of massive binary stars towards long
SNIb/c progenitors 3
Fig. 1.— Wolf-Rayet mass loss rates from helium stars on the
zero-age main sequence at solar metallicity. The mass loss rates of
Hamann et al. (see Eq. 1), Langer (1989) and Nugis & Lamers
(2000) are given by dotted, dashed and solid lines, respectively.
The dotted-dashed and three dotted-dashed lines denote the
Hamann et al. rates divided by a factor of 5 and 10, respectively
(i.e., fWR = 5 and 10 in Eq. 1.).
GRBs. In this paper, we present new evolutionary calcu-
lations of magnetic (i.e., the Spruit-Tayler dynamo is in-
cluded) massive binary stars for a large parameter space,
focusing on the evolution of the primary stars to investi-
gate the nature of typical SNe Ibc progenitors.
2.2. Mass loss due to Wolf-Rayet winds
WLW95 employed the mass-dependent mass
loss rate of WR stars of Langer (1989) for
their helium star models, and WL99 used those
of Hamann, Scho¨nberner & Heber (1982) and
Hamann, Koesterke & Wessolowski (1995). Both
studies concluded that the final masses of SNe Ibc
progenitors in binary systems should converge to a
limited range of 2.2 – 3.6 M⊙, even for an initial helium
star mass of 20 M⊙. Later developments of the WR
wind theory considering clumpies pointed out, however,
that the WR mass loss rates used by WLW95 and WL99
are significantly overestimated (Hamann & Koesterke
1998; Nugis & Lamers 2000). For example, Fig. 1
shows that, for helium stars on the zero age main
sequence, the mass loss rate given by Nugis & Lamers
(2000) is almost an order-of-magnitude lower than that
of Hamann et al. used in WL99. The most recent
theoretical models of WR winds by Vink & de Koter
(2005) and Gra¨fener & Hamann (2008) also give WR
mass loss rates compatible to the Nugis & Lamers rate
(cf. Figure 1 in Yoon & Langer 2005).
The reduced WR mass loss rates have been consid-
ered in many recent massive single star models (e.g.,
Meynet & Maeder 2003, 2005; Eldridge & Vink 2006),
suggesting large final masses of WR stars at the presuper-
nova stage (Mf > 10 M⊙ at solar metallicity) compared
to ∼ 4 M⊙ found by Woosley, Langer & Weaver (1993).
As argued in the introduction, this leads to the interest-
ing conclusion that most core collapse events occurring in
single WR stars should not produce bright supernovae,
rendering the binary star channel even more important
for SNe Ibc. Surprisingly, the effect of the new WR
mass loss rate on SNe Ibc progenitors in close binary sys-
tems has not been much discussed or largely overlooked.
To our knowledge, Pols & Dewi (2002) are the only au-
thors who addressed this issue in detail. Although WL99
also presented some model sequences with a reduced WR
mass loss rate, their adopted reduction factor was rather
modest (2 times smaller than the Hamann et al. rate).
Here we consider the Hamman et al. WR mass loss rate
reduced by factors of 5 and 10, which reflects the most
recent result as discussed above.
3. NUMERICAL METHOD AND PHYSICAL ASSUMPTIONS
We have used the same stellar evolution code as
in Cantiello et al. (2007), that follows the simultane-
ous evolution of the two stellar components of a bi-
nary system. The effect of the centrifugal force on
stellar structure is considered following Endal & Sofia
(1976). The transport of angular momentum and
chemical elements is treated as diffusion consider-
ing Eddington Sweet circulations, the shear instabil-
ity, the Goldreich-Schubert-Fricke instability and the
Spruit-Tayler dynamo, as described in Petrovic et al.
(2005a). We use αSEMI = 1.0 for the semi-convection
parameter (Langer, Fricke & Sugimoto 1983), as in
Yoon, Langer & Norman (2006).
The stellar winds mass loss rate is determined fol-
lowing (Kudritzki et al. 1989) with a metallicity scal-
ing of (Z/Z⊙)
0.69 (Vink, de Koter & Lamers 2001) for
the main sequence phase. WR wind mass loss rates are
computed according to Hamman et al. with a correc-
tion factor fWR, and with a metallicity dependence of
M˙ ∝ (Zinit/Z⊙)
0.86 (Vink & de Koter 2005):
log
(
M˙WR
M⊙ yr−1
)
=−11.95 + 1.5 logL/L⊙ − 2.85Xs
+0.86 log(Zinit/Z⊙)− log fWR
for log L/L⊙ > 4.5, (1)
= −35.8 + 6.8 logL/L⊙ − 2.85Xs
+0.86 log(Zinit/Z⊙)− log fWR
for log L/L⊙ ≤ 4.5 .
We use fWR = 5 or 10 in most model sequences, which
means the WR mass loss rate by Hamman et al. is low-
ered 5 or 10 times, to consider the most recent estimates
(see Fig. 1). The enhancement of stellar winds mass loss
due to the centrifugal force is considered by
M˙
M˙(vrot = 0)
= min
[(
1
1− Ω
)0.43
, 0.5
M
τKH
]
, (2)
where Ω = vrot/vcrit with vcrit =
√
GM(1− Γ)/R and Γ
is the Eddington factor (Langer 1998). Here, to prevent
a singularity that may occur as vrot approaches vcrit, the
mass loss rate is limited to M˙ ≤ 0.5M/τKH, where τKH
is the thermal time scale of the star.
The binary orbit is assumed to be circular, and the
Roche lobe radius is determined according to the ap-
proximation of Eggleton (1983). The mass loss rate of
the Roche-lobe filling component through the first La-
grangian point is implicitly computed using the method
given by Ritter (1988). The equation of motion of
a test particle is numerically solved to calculate the
amount of angular momentum of the accreted matter
if the transfered matter directly hits the secondary star,
and the Keplerian value is assumed otherwise (Wellstein
2001). The change of the orbital period due to mass
4 Yoon et al.
transfer and stellar wind mass loss is considered accord-
ing to Podsiadlowski, Joss & Hsu (1992). We follow
Brookshaw & Tavani (1993) to determine the amount
of the specific angular momentum carried away from the
orbit by stellar winds.
Tidal synchronization is considered following
Wellstein (2001) (see also Detmers et al. 2008).
We assume a synchronization time scale according to
Tassoul (1987, 2000) who considered tidally driven
meridional circulations as the main mechanism for tidal
dissipation:
τsync(yr) = fsync
1.44× 101.6
q(1 + q)3/8
(
L⊙
L
)1/4
(3)
×
(
M⊙
M
)1/8 (
R
R⊙
)9/8(
d
R
)33/8
,
where q denotes the mass ratio and d the orbital sep-
aration. This prescription gives a much shorter time
scale than that given by Zahn (1977). Given that the
physics of tidal dissipation is much debated in the liter-
ature (Langer 2009), we introduce a parameter fsync to
investigate how an extremely fast/slow synchronization
may influence the results. In most cases, however, we use
fsync = 1.
A few sequences are also computed with τsync of Zahn
(1977) for comparison:
1
τsync
= 5
(
GM
R3
)1/2
q2(1 + q)5/6
×
MR2
I
E2
(
R
d
)17/2
, (4)
where I is the moment of the star, and E2 a constant
measuring the coupling between the tidal potential and
the gravity mode. Using the data of Table 1 in Zahn
(1977), we constructed a fitting formula for E2 as the
following:
E2 = 10
−1.37
(
Rconv
R
)8
, (5)
where Rconv is the radius of the convective core. Note
that both prescriptions by Tassoul and Zahn are not ap-
propriate for a star with a convective envelope 5. How-
ever, the role of tidal synchronization is significant only
on the main sequence, and not important in late evolu-
tionary stages as discussed below.
We computed 45 model sequences for initial masses of
the primary star mostly from 12 to 25 M⊙ at two differ-
ent metallicities (Z = 0.02 and 0.004), for different mass
ratios, initial orbital periods, and WR mass loss rates, as
summarized in Table. 1. The initial rotational velocity
at the equatorial surface of each star is set to be 20%
of the Keplerivan value. We could not calculate more
massive systems because of a numerical difficulty encoun-
tered during the mass transfer phases, except for Seq. 26
where a primary star of 60 M⊙ is considered with a rather
large WR mass loss rate (i.e., fWR = 3). The adopted
initial orbital periods corresponds either to Case A or to
5 On the other hand, note that a recent study by Toledano et al.
(2007) suggests that intermediate mass main sequence stars follow
the Zahn’s synchronization time scale for convective stars.
Fig. 2.— Evolution of the internal structure of the primary star
in Seq. 14 (M1,init = 18 M⊙,M2,init = 17 M⊙ and Pinit = 4 day)
from ZAMS to the neon burning phase. The hatched lines and
the red dots denote convective layers and semi-convective layers,
respectively. The different shades give the nuclear energy genera-
tion rate, for which the scale is shown on the right hand side. The
surface of the star is marked by the topmost solid line.
Case B mass transfer. In the present study, we do not
consider Case C systems, but briefly discuss the possible
outcomes of Case C mass transfer in Sect. 6.4. The evo-
lution of the primary stars is followed up to neon burning
in most cases.
We also present non-rotating single helium star models
to discuss SNe Ibc progenitors in binary systems with
initial masses larger than 25 M⊙, and also to compare
them with binary star models (Sect. 5).
4. REDISTRIBUTION OF ANGULAR MOMENTUM IN
PRIMARY STARS
In this section, we focus our discussion on the evo-
lution of primary stars and investigate whether binary
evolution via Case A or Case B mass transfer could lead
to diverse pre-collapse conditions of SNe Ibc in terms
of the amount of core angular momentum. Although the
evolution of mass-accreting secondary stars is a matter of
extreme interest as discussed in Braun & Langer (1995),
Petrovic et al. (2005a) and Cantiello et al. (2007), it is
beyond the scope of this paper.
Here, we first present some results including the Spruit-
Tayler dynamo with our fiducial assumption on synchro-
nization time (i.e., fsync = 1), showing that the final
amount of angular momentum in the core of the primary
star is not much affected by different histories of mass
loss (i.e., Case AB or Case B; Sect. 4.1). Then, we dis-
cuss the influences of different assumptions on tidal syn-
chronization and transport process of angular momen-
tum (Sect. 4.2).
4.1. Fiducial Models
4.1.1. Evolution with Case A and AB mass transfers
The evolution of the primary star in a close binary
system is characterized by the rapid loss of mass due to
Roche-lobe overflow. As an example, the evolution of
the primary star in Seq. 14 is described in Figs. 2 and 3,
where our fiducial value of fsync = 1 is adopted, includ-
ing the Spruit-Tayler dyanamo. The binary system ini-
tially consists of a 18 M⊙ star and a 17 M⊙ star in a
4 day orbit. Mass transfer starts at t = 8.09 × 106 yr,
when the helium mass fraction in the hydrogen burn-
ing core has increased to 0.94. The mass transfer rate
SNIb/c progenitors 5
Fig. 3.— Upper panel : Evolutionary track of the primary star
in Seq. 14 (M1,init = 18 M⊙,M2,init = 17 M⊙ and Pinit = 4 day)
in the HR diagram. The filled circles on the track mark different
evolutionary epochs as the following. 1: ZAMS, 2: beginning of the
Case A mass transfer, 3: end of the Case A mass transfer, 4: core
hydrogen exhaustion, 5: beginning of the Case AB mass transfer,
6: end of the Case AB mass transfer, 7: core helium exhaustion,
8: neon burning (end of calculation). Lower panel : Mass transfer
rates from the primary star (solid line) and mass accretion rates
onto the secondary star (dashed line) during the Case A and AB
transfers as a function of the primary star mass.
rises up to 8× 10−4 M⊙yr
−1, which roughly corresponds
to M1/τKH,1 where M1 and τKH,1 denote the mass and
the Kelvin-Helmoltz time scale of the primary star, re-
spectively. The primary mass decreases to 7.5 M⊙ by
the end of the Case A transfer (see Fig. 4). The sec-
ond Roche-lobe overflow begins at t = 8.513 × 106 yr
when the envelope of the primary star expands due to
hydrogen shell burning during the helium core contrac-
tion phase (Case AB mass transfer). The primary star
loses most of the hydrogen envelope as a result, expos-
ing its helium core of 3.95 M⊙ having a small amount of
hydrogen (MH = 0.04 M⊙) in the outermost layers, as
shown in the third panel of Fig. 4.
Although the star remains compact (R < 0.9 R⊙) dur-
ing core helium burning, helium shell burning activated
after core helium exhaustion leads to the expansion of the
envelope up to ∼ 12 R⊙ (see Fig. 3) during core carbon
burning. A Case ABB mass transfer does not occur, how-
ever, due to the large orbital separation (A =∼ 121 R⊙)
at this stage, while it does occur in many other sequences.
The final mass at the end of the calculation (neon burn-
ing) is 3.79 M⊙. The mass of hydrogen decreases to
0.0015 M⊙ at the end, and the remaning mass of helium
is 1.49 M⊙, as shown in the last panel of Fig. 4. The star
is likely to eventually explode as a Type Ib supernova
given the rather thick helium envelope with a very thin
Fig. 4.— Chemical composition of the primary star in Seq. 14 as
a function of the mass coordinate, at different evolutionary epochs.
First Panel : Core H burning (right before the Case A mass transfer
phase) Second Panel : Core H burning (right after the Case A mass
transfer phase) Third Panel : Helium burning (right after the Case
AB mass transfer phase) Last Panel : Neon burning
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Fig. 5.— Evolution of the total angular momentum of the pri-
mary star in Seq. 14, as a function of time, from the ZAMS until
neon burning.
Fig. 6.— Angular velocity profile in the primary star of Seq. 14
as a function of the mass coordinate, at 6 different epochs from the
ZAMS until 2.4× 105 yr. The thin dotted line denotes the angular
velocity of the orbit (i.e., Ωsync := 2pi/Porbit) at 2.4× 10
5 yr.
hydrogen layer, but it might also appear as Type IIb if
the supernova were found within several days after the
explosion (see Sect. 5.3).
The lower panel of Fig. 3 shows that the mass trans-
fer is not conservative. When the secondary star reaches
critical rotation as a result of the accretion of angular
momentum, the stellar wind mass loss rate increases
so drastically as to prevent efficient mass accumula-
tion (see Petrovic, Langer & van der Hucht 2005b, for
a more detailed discussion on this effect). The ratio of
the accreted mass in the secondary star to the trans-
ferred mass from the primary star is about 0.83 during
the Case A mass transfer, and 0.41 during the Case B
mass transfer. The previous calculations by WL99 and
Wellstein, Langer & Braun (2001) show that the non-
conservative mass transfer leads to a shorter orbit than
in the case of conservative mass transfer, in general. This
effect should be kept in mind in the following discussion
on the evolution of the binary orbit and its consequences.
The evolution of rotation in the primary star is shown
in Figs. 5, 6 and 7. As shown in Fig. 5, the total an-
gular momentum of the primary star rapidly decreases
Fig. 7.— Top panel : Mean specific angular momentum of the
innermost 3 M⊙ and 1.4 M⊙ of the primary star in Seq. 14 as a
function of the evolutionary time. The time spans for the Case A
and AB mass transfers are marked by the color shades as indicated
by the labels. Second panel : Distribution of angular momentum
in the primary star in Seq. 9 at different evolutionary stages, as
indicated by the labels. Third panel : The orbital separation of the
binary system in Seq. 14, as a function of time. Bottom panel : The
radius change of the primary star in Seq. 14, as a function of time.
in the beginning as a result of tidal interaction, until
the star is completely synchronized with the orbit when
t ≃ 2 × 105 yr. Fig. 6 shows the evolution of the an-
gular velocity inside the primary star from ZAMS un-
til it reaches complete synchronization. Note that the
star keeps rotating almost rigidly, even though the tidal
SNIb/c progenitors 7
Fig. 8.— Mean specific angular momentum of the innermost
3 M⊙ and 1.4 M⊙ of the primary star in Seq. 20, as a function
of the evolutionary time. The time spans for the Case B mass
transfers are marked by the color shades as indicated by the labels.
Fig. 9.— Mean specific angular momentum of the innermost
3 M⊙ and 1.4 M⊙ of the primary star in Seq. 15 (top) and Seq. 18
(bottom), as a function of the evolutionary time. The time spans
for the Case A and AB mass transfers are marked by the color
shades as indicated by the labels.
interaction causes redistribution of angular momentum
from the outermost layers of the star (Wellstein 2001;
Detmers et al. 2008). This results from the very short
time scale of the transport of angular momentum in the
star (about 300 years) due mainly to convection and the
Spruit-Tayler dynamo, in the convective and radiative
layers respectively.
Later on, the angular velocity of the primary star still
remains coupled with the orbital motion, until decou-
pling starts during Case B mass transfer (see below). In-
terestingly the total angular momentum of the primary
star gradually increases from the initial synchronization
until the onset of Case A mass transfer (Fig. 5). This is
because the star significantly expands, while the change
of the orbital separation remains small durning this pe-
riod, as shown in the third and last panels in Fig. 7.
However, it rapidly decreases again during the Case A
and AB mass transfer phases, as explained below.
Fig. 7 shows that angular momentum in the core of the
primary star is mostly removed during the mass transfer
phases (Case A and Case AB). It should be noted, how-
ever, that the mechanism for braking the core is different
for each case. During the Case A mass transfer, the syn-
chronization time scale according to Eq. (3) remains very
short ( 103 yr) compared to the mass transfer time scale
( 104 yr). The decrease of the core angular momentum
during the Case A mass transfer results from the syn-
chronization that occurs even when the orbit is rapidly
widened due to mass exchange (Fig. 7). During the Case
AB mass transfer, the further increase of the orbital sep-
aration significantly weakens the role of synchronization
for the redistribution of angular momentum. However,
both the Spruit-Tayler dynamo and mass loss lead to
rapid braking of the thermally contracting helium core.
Further significant core-braking by the Spruit-Tayler dy-
namo occurs during the CO core contraction phase, and
the mean specific angular momentum of the innermost
1.4 M⊙ becomes about 2.5 × 10
14 cm2 s−1 at the neon
burning phase.
4.1.2. Evolution with Case B mass transfer
In Seq. 20, the initial masses of the stellar compo-
nents are the same as in Seq. 14 but the initial period is
large enough that the first mass transfer occurs during
the helium core contraction phase (Case B mass trans-
fer). Avoiding Case A mass transfer, the primary star
retains more angular momentum in the core at the end
of main sequence than in Seq. 14. However, the core loses
more angular momentum during the helium core contrac-
tion phase than in Seq. 14, as stronger magnetic torques
are exerted, mainly due to the more massive envelope
(Fig. 8). At neon burning, < j1.4 >= 2.6× 10
14 cm2 s−1
is obtained, which is similar to that in Seq. 14.
4.2. Non-fiducial Models
4.2.1. Influence of the synchronization time scale
The effect of synchronization is negligible in Seq. 15,
where fsync = 10
5 is adopted. As shown in Fig. 9, a
rather rapid decrease of < jcore > occurs during and
after the Case A mass transfer, which is a combined ef-
fect of mass loss and magnetic torques: mass loss car-
ries away angular momentum from the envelope, and
magnetic torques brake the core rotation subsequently.
The core is further slowed down during the helium core
and CO core contraction phases, resulting in < j1.4 >=
2.6×1014 cm2 s−1 at the neon burning phase. Note that
this value is very close to that in Seq. 14.
We find that the result with Zahn’s prescription for
synchronization (Seq. 17) is not much different from that
of Seq. 15 where synchronization is negligible. The syn-
chronization time scale according to Zahn is sensitive to
the ratio of the convective core size to the stellar radius
(1/τsync ∝ (Rconv/Rstar)
8, see Eqs. (4) and (5)). This ra-
tio continuously decreases as the star evolves, and thus
τsync continuously increases to such an extent that the ef-
fect of synchronization can be ignored when Case A mass
transfer starts. When fsync = 0.01 with Tassoul’s pre-
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scription is used (Seq. 16), on the other hand, synchro-
nization becomes important even after the Case AB mass
transfer phase, and the primary is further spun down by
tidal interaction, giving < j1.4 >= 6 10
13 × cm2 s−1 at
the neon burning phase.
4.2.2. Non-magnetic model
In Seq. 18 where the Spruit-Tayler dynamo is not in-
cluded, the core is spun down due to synchronization
during the Case A mass transfer phase (Fig. 9) as in
the corresponding magnetic case (Seq. 14; Fig. 7). The
spin-orbit coupling becomes significantly weakened as the
orbit widens after the Case A mass transfer phase. De-
spite a significant amount of mass is lost via Case AB
mass transfer, the core in the primary star retains most
of the remaining angular momentum in the following evo-
lutionary stages. This is because the chemical gradi-
ent across the boundary between the helium core and
the hydrogen envelope effectively prohibits the trans-
port of angular momentum (cf. Meynet & Maeder 1997;
Heger, Langer & Woosley 2000). The core angular mo-
mentum at neon burning is thus about 10 times larger
(< j1.4 >= 3.57 10
15 cm2 s−1) than in the corresponding
magnetic case.
4.3. Discussion
As shown in the above examples, in the model se-
quences with the Spruit-Tayler dynamo, all of the pri-
mary stars retain similar amounts of angular momen-
tum (a few 1014 cm2 s−1) in the innermost 1.4 M⊙ at
neon burning regardless of the detailed history of mass
transfer, unless synchronization is extremely fast as in
Seq. 16 (see Table 1). According to the Spruit-Tayler
dynamo, magnetic torques exerted to the core become
stronger with a higher spin rate, a larger degree of differ-
ential rotation between the core and the envelope, and a
heavier radiative envelope. Therefore, although winds
or Roche-lobe overflows reduce the size of the hydro-
gen envelope and remove angular momentum from the
star, this in turn weakens the torque exerted to the core,
and vice versa. The remarkable convergence of < j1.4 >
to a few 1014 cm2 s−1 in our model sequences, even for
different wind parameters and metallicities as shown in
Table 1, can be explained by this self-regulating nature
of the Spruit-Tayler dynamo. This result indicates that
not much diversity is expected in SNe Ibc progenitors
produced via Case A or Case AB/B mass transfer, in
terms of rotation: most of SNe Ibc of a similar progen-
itor mass may leave neutron stars with a similar spin
rate. However, other types of binary interactions still
may lead to various final rotation periods in SN pro-
genitors (see Brown et al. 2000; Cantiello et al. 2007;
Podsiadlowski et al. 2010, for such examples).
5. THE NATURE OF SN IBC PROGENITORS
In the literature, the detailed history of binary interac-
tions such as mass transfer and tidal interaction is often
neglected, and only the evolution of pure helium stars
to discuss SNe Ibc progenitors in binary systems is in-
vestigated (e.g. WLW95; Pols & Dewi 2002). Although
this approach is very useful, our binary star models in-
dicate that complications resulting from binary interac-
tions have important consequences in SN Ibc progenitors.
Fig. 10.— The amount of helium in SN Ibc progenitor models
at Z = Z⊙ with fWR = 5, as function of the final mass. The filled
circles denote the prediction from our binary star models. The
results from mass-losing pure helium star models are marked by
dashed line.
To address this issue, here we also present evolutionary
models of non-rotating single helium stars with initial
masses of 2.8 – 20 M⊙ at Z = 0.02 for comparison with
binary star models, as presented in Table 2. This also en-
ables us to study SN Ibc progenitors with initial masses
higher than 25 M⊙, which are lacking in our binary model
sequences. These helium star models were calculated up
to neon burning, with the WR mass loss rate given in
Eq. (1) with fWR = 5 or 10, as in the binary models.
In the following, we focus our discussion mostly on the
results with fWR = 5, while the influence of the wind
parameter is briefly discussed.
5.1. Final mass
The final mass of the primary stars in a close binary
systems is largely determined by the winds mass loss dur-
ing core helium burning, if the initial mass (MHe,i; i.e.,
the mass right after Case AB or Case B mass transfer)
is significantly larger than about 3.0 M⊙. However, for
a less massive helium star, the expansion of the helium
envelope becomes so dramatic during CO core contrac-
tion, and/or during core carbon burning, that it can lead
to another mass transfer phase: Case ABB or Case BB
(e.g., compare the final radius of the 2.8 M⊙ helium star
model with those of more massive helium star models in
Table 2).
The impact of this mass transfer phase becomes more
important for a less massive helium star. In Seqs. 1, 2
and 4 whereMHe,i ≃ 2.1 – 2.3 M⊙, the rapid loss of mass
during Case ABB/BB transfer reduces the total mass
of the primary stars to such an extent that they may
not explode as supernovae, but die as white dwarfs. In
Seq. 3, where MHe,i ≃ 2.7 M⊙, the carbon-oxygen core
can grow beyond the Chandrasekhar limit despite the
significant loss of mass (i.e., about 1 M⊙) during the Case
BB phase. The remaining helium mass in the envelop is
only about 0.18 M⊙ at core carbon exhaustion. For the
other sequences at solar metallicity (Seqs. 5, 8, 9, 10, 11,
13, 21) where MHe,i > 3.0 M⊙, the amounts of mass loss
via Case ABB/BB transfer until core neon burning are
rather moderate, varying from 0.02 to 0.1 M⊙.
The WR wind mass loss rate has significant conse-
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Fig. 11.— The amount of hydrogen in SN Ibc progenitor models
as a function of the final mass. The filled triangles and circles
denote the results of our binary star models at Z =Z⊙ with fWR =
5 and 10, respectively. The fille squares give the results with the
SMC metallicity models.
quences in systems where MHe,i > 3.0 M⊙. The pre-
vious study by WLW95 concluded that the final masses
of single helium stars with initial masses of 3 – 20 M⊙
should converge to ∼ 2.2 – 3.5 M⊙. As expected from the
lower WR mass loss rate adopted in this study, our he-
lium star models give a significantly wider range of final
masses (Mf) at the given metallicity of 0.02: Mf = 2.9 –
7 M⊙ (2.9 – 10 M⊙) from helium stars of 3 – 20 M⊙ for
fWR = 5 (fWR = 10; Table 2; cf. Fig. 14). Our binary
star models also give generally larger final masses for SN
Ibc progenitors than those in WL99: Mf ≃ 1.64 – 4.5 M⊙
for fWR = 5 from MZAMS =13 – 25 M⊙, compared to
Mf ≃ 2.0 – 3.4 M⊙ in WL99
6.
5.2. Helium
Figure 10 shows the amount of helium (MHe) as a func-
tion of the final mass in the SN Ibc progenitor models
with fWR = 5 at solar metallicity. In general, both
binary and helium star models predict large amounts
of helium in the envelope compared to the results of
WLW95 and WL99 except for relatively low mass sys-
tems of MHe,i . 3.0 M⊙. Note that only rather massive
progenitors with Mf & 5.5 M⊙ can be significantly he-
lium deficient (i.e., MHe < 0.5 M⊙).
For the systems with Mf . 3.0 M⊙, the role of Case
ABB/BB mass transfer becomes important. In partic-
ular, the small amount of helium (MHe . 0.18 M⊙) in
Seq. 3 shows that helium deficiency can also be achieved
by the so-called Case BB/ABB mass transfer from rela-
tively low mass helium cores (MHe,i < 3 M⊙). Therefore,
we expect two different classes for Type Ic progenitors at
solar metallicity: one with Mf . 2.0 M⊙ and the other
with Mf & 5.5 M⊙ (see also Wellstein & Langer 1999;
Pols & Dewi 2002).
Obviously, the upper limit of Mf for potential Type Ic
progenitors increases with a smaller mass loss rate: with
fWR = 10, we have Mf & 8.9 M⊙.
6 Here, the lower end ofMf is determined by the detailed history
of Case ABB/BB transfer, which depends on uncertain parameters
such as the semi-convection efficiency.
5.3. Hydrogen
In our binary star models, Case AB or Case B mass
transfer does not completely remove hydrogen from the
primary stars, as shown in Fig. 4. The resulting WR
mass loss is therefore weaker than that from the corre-
sponding pure helium star. This explains the fact that
for a given WR mass loss rate, the binary star models
with Mf & 3.0 M⊙ predict somewhat larger MHe than
the single helium star models do as shown in Fig. 10.
More importantly, the binary star models show that,
even at Z ≈ Z⊙, small amounts of hydrogen can be re-
tained up to the pre-supernova stage for a certain range
of the final mass. Fig. 11 (see also Table 1 and Fig. 4)
shows the total mass of hydrogen in the primary stars
at neon/oxygen burning phase. The time span from this
stage to core collapse is supposed to be less than about 10
yr. The WR winds mass loss rate from the primary star
models shown in the figure is about 10−6 M⊙ yr
−1. Some
of the primary stars in this sample are still undergoing
Case ABB or BB mass transfer (Seqs. 5, 8, 9, 13, & 21
and many of the SMC models; see Table 1), but the mass
transfer rate is only about 10−5 M⊙ yr
−1. Therefore, the
amount of hydrogen at core collapse should remain close
to the values given in the figure.
Fig 11 indicates that the presence of hydrogen is only
expected for 3.0 . Mf [M⊙] . 3.7, at solar metallicity
with fWR = 5. This results from two different reasons for
different mass ranges. For Mf < 3.0 M⊙, primary stars
expand during the carbon burning phase to much larger
radii than more massive ones do. The resulting mass
loss rates via Case ABB or BB transfer thus become large
enough to completely remove hydrogen from the primary
stars by the time of core collapse. For Mf & 3.7 M⊙, on
the other hand, WR winds are rather strong and can
remove hydrogen from the primary stars during the core
helium burning phase.
The upper limit ofMf for the presence of hydrogen thus
depends on the adopted mass loss rate. As shown in the
figure, with fWR = 10, it increases to about 4.5 M⊙ at
solar metallicity. At SMC metallicity, the stellar wind
effect is less significant and even rather massive super-
nova progenitors of about 7 M⊙ can retain fairly large
amounts of hydrogen (∼ 10−2 M⊙). We discuss implica-
tions of this result for supernova types in Sect. 6.4.
5.4. Radius
Relatively low mass helium stars usually experience a
rapid expansion of the envelope during the core carbon
burning phase. Interestingly, our new models predict
much larger radii at the pre-supernova stages than what
the WLW95 models do, as shown in Fig. 12. The first
reason for this difference is the updated OPAL opacity
table by Iglesias & Rogers (1996), which causes a strong
iron bump at around logT = 5.3. Another reason is the
smaller WR mass loss rate adopted in the present study,
and the resultant thicker helium envelope in our mod-
els. The radius is further affected by the complication
of binary interaction: the presence of a thin hydrogen
layer in some of the binary models results in a more ex-
tended envelope than in the corresponding single helium
star models. It is also worth noting that the radii of the
binary star models at Mf < 3 M⊙ are smaller than those
of the single helium star models. This is because the pri-
10 Yoon et al.
Fig. 12.— The predicted radii of SN Ibc progenitors as a func-
tion of the final mass. The filled circles and triangles denote the
results of our binary star models at Z = Z⊙ for fWR = 10 and 5,
respectively, while the filled squares are for Z = ZSMC. The results
from mass-losing single helium star models at Z = Z⊙ are marked
by the dashed (fWR = 10), dotted (fWR = 5) and dashed-three-
dotted (WLW95) lines. The thin dashed-dotted line gives the solar
radius.
mary stars in these sequences are filling the Roche-lobe,
and the envelope cannot expand beyond it.
The metallicity effect is somewhat subtle. The hy-
drogen and helium layers in SN Ibc progenitors become
thicker due to the reduced mass loss rate for lower metal-
licity, while the opacity due to metals becomes smaller.
As these two effects compensate each other, the radii of
our SN Ibc progenitor models at both SMC and solar
metallicities are found to be similar. Finally, it should
be noted that the radius depends on the final mass. In
general, a less massive progenitor tends to have a larger
radius at the presupernova stage. This might make mix-
ing of nickel into the helium rich layer induced by the
Rayleigh-Taylor instability during the supernova explo-
sion more efficient for a less massive SN Ibc progenitor,
as implied by the simulations of Hachisu et al. (1991)
and Joggerst et al. (2009)7, resulting in more prominent
helium lines in the spectra (see Sect. 6 below).
5.5. Winds
Fig. 13 shows the mass loss rate due to WR winds
at the central neon/oxygen burning phase from different
SN Ibc progenitor models. The mass loss rate ranges
from 10−6 M⊙yr
−1 to ∼ 10−5 M⊙yr
−1, depending on
the final mass, at solar metallicity. The corresponding
wind velocity (i.e., the escape velocity) changes from ∼
200 km s−1 to ∼ 2400 km s−1.
The circumstellar interaction of such winds from pri-
mary stars in binary systems are supposed to be very
complex because of the orbital motion and the wind-
wind interaction with the secondary star. Some of the
primary star models shown in the figure are still under-
going Case ABB or BB mass transfer, which may add
to the complexity. Therefore, the nature of the circum-
stellar materials around SN Ibc progenitors in a binary
7 However, it should be kept in mind that the degree of mixing
due to the Rayleigh-Tayler instability may depend not only on
the stellar structure, but also on explosion energy and directional
asymmetry (Hammer, Janka & Mueller 2010)
Fig. 13.— The predicted winds mass loss rates of SN Ibc progen-
itors as a function of the final mass. The filled circles and triangles
denote the results of our binary star models at Z = Z⊙ for fWR =
10 and 5, respectively, while the filled squares are for Z = ZSMC.
The results from mass-losing single helium star models at Z = Z⊙
are marked by dashed (fWR = 10) and dotted (fWR = 5) lines.
system may not follow the simple relation of ρ ∝ r−2
that is expected for single WR star progenitors.
6. DISCUSSION
We have presented new evolutionary models of mas-
sive close binary stars, considering tidal interaction, and
transport of angular momentum and chemical species
due to rotationally induced hydrodynamic instabilities
and the Spruit-Tayler dynamo. We have investigated
the redistribution of angular momentum in the primary
star. Although mass transfer and tidal interaction can
significantly affect the evolution of the rotation velocity
of the primary star on the main sequence, the amount of
angular momentum retained in the core in the late evolu-
tionary stages is rather insensitive to the previous history
of such binary interactions because of the self-regulating
nature of the Spruit-Tayler dynamo.
We have also calculated non-rotating, mass-losing sin-
gle helium star models and compared them with our pri-
mary star models in binary systems. Our models adopt
a much lower WR mass loss rate than in the previous
studies by WLW95 and WL99, and predict some new
important properties of SN Ibc progenitors accordingly.
The following discussions are based on the models with
fWR = 5, unless otherwise specified.
1. The final masses of SN Ibc progenitors in bi-
nary systems at Z ≃ Z⊙ are not limited to
1.5 M⊙ . Mf . 4 M⊙ as predicted by WLW95 and
WL99, but a more wide range Mf is expected (i.e.,
1.5 M⊙ . Mf . 7.1 M⊙ from Minit ≃ 12...60 M⊙;
see Fig. 14).
2. At Z ≃ Z⊙, significant deficiency of helium (MHe <
0.5 M⊙) is expected forMf/M⊙ & 5.5 and for 1.5 .
Mf/M⊙ . 2.0 (Fig. 10). Rather large amounts of
helium up to 1.5 M⊙ are expected for the other
final mass range (i.e., 2.0 . Mf/M⊙ . 5.5 M⊙). At
Z ≃ ZSMC, no such helium deficient SN progenitors
are expected for the considered initial masses (16−
40 M⊙).
3. A thin layer of hydrogen with MH = 10
−4 −
10−2 M⊙ is predicted for SN Ibc progenitors with
3.0 M⊙ . Mf . 3.7 M⊙ at Z ≃Z⊙, and 3.0 M⊙ .
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Mf . 8 M⊙ at Z ≃ZSMC, respectively (Fig. 11;
Table 1).
4. Most SN Ibc progenitors with Mf . 5 M⊙ rapidly
expand during core carbon burning, resulting in
R =∼ 4.0− 30 R⊙ at the presuprnova stage. This
is much larger than found in WLW95 (Fig. 12).
Compact progenitors of R . R⊙ are only expected
for a relatively high mass (Mf & 5.5 M⊙ at Z ≃ Z⊙
and Mf & 10 M⊙ at Z ≃ ZSMC ; Fig. 12).
The above results raise several important issues regard-
ing observational consequences, as discussed below.
6.1. Implications for energetic explosions powered by
rapid rotation
Our binary star models show that the mass transfer
during helium core contraction (Case AB or Case B) in
a close massive binary system cannot remove the hydro-
gen envelope promptly enough to avoid the core braking
due to the Spruit-Tayler dynamo during the helium core
contraction phase. Comparison of our binary star models
with the single star models by Heger, Woosley & Spruit
(2005) and Yoon, Langer & Norman (2006) indicate
that the amount of angular momentum retained in the
core of the primary star at the presupernova stage should
not be much different from those found in single star
models if the Spruit-Tayler dynamo is adopted. I.e., a
specific angular momentum of a few 1014 cm2 s−1 in
the innermost ∼1.4 M⊙ at the presupernova stage is
expected in both single and binary stars. This value
is smaller by one or two orders of magnitude than
what is necessary to make a long gamma-ray bursts by
magnetar or collapsar formation, or very energetic su-
pernovae (hypernovae) powered by rapid rotation and
strong magnetic fields (e.g. Burrows et al. 2007), al-
though it may suffice to produce millisecond pulsars
(Heger, Woosley & Spruit 2005). Together with the
work by Petrovic et al. (2005a), our results thus in-
dicate that binary interactions with Case AB/B mass
transfers at Z ≈ Z⊙ may not particularly enhance the
production of strongly rotation-powered events like long
GRBs or hypernovae. This is consistent with the obser-
vational evidence that such events are rare compared to
normal core collapse events (e.g., Podsiadlowski et al.
2004; Guetta & Della Valle 2007). This also confirms
the theoretical consensus that other evolutionary paths
are needed to produce long GRBs associated with SN
Ibc, such as the quasi-chemically homogeneous evo-
lution of a metal poor star (Yoon & Langer 2005;
Yoon, Langer & Norman 2006; Woosley & Heger 2006;
Cantiello et al. 2007), tidal spin-up of a WR star in a
very close binary system with a neutron star or black hole
companion (e.g. Izzard, Ramirez-Ruiz & Tout 2004;
van den Heuvel & Yoon 2007)8, or binary evolution
with Case C mass transfer with some specific conditions
(Brown et al. 2000; Podsiadlowski et al. 2010).
6.2. Progenitor size
8 A recent study using detailed stellar evolution models by
Detmers et al. (2008), however, seriously questions this possibil-
ity.
Fig. 14.— The predicted final masses of the primary stars in
massive close binaries that undergo Case B mass transfer, as a
function of the zero-age main sequence (ZAMS) mass, based on
our binary and helium star models with fWR = 5. The absicssa
is given in log scale. The numbers right above the abscissa denote
the initial masses of the helium stars that the primary stars of the
corresponding ZAMS masses would produce. The expected final
outcomes of the primary stars according to different ZAMS masses
are given by the labels right below the top: white dwarf (WD), type
Ic supernova (Ic), type Ib supernova with a thin hydrogen layer (Ib
with H) or type IIb supernova (IIb), and type Ib supernova without
hydrogen (Ib without H). Here we assumed MHe < 0.5 M⊙ for
SNe Ic progenitors. Note that the each boundary would shift to a
higher value of MZAMS for close binary systems with Case A mass
transfer.
Fig. 15.— Same as in Fig. 14, but with fWR = 10.
Larger radii of our SN Ibc progenitor models than
those previously found should have consequences in
shock break-outs and bolometric light curves. For in-
stance, a shock break-out from a larger envelope would
be marked by a lower photosperic temperature . Detailed
comparison of numerical calculations with observational
data may thus give strong constraints on SNe Ibc progen-
itor properties (e.g., Calzavara & Matzner 2004). Re-
cent discovery of the X-ray outburst with SN 2008D by
Soderberg et al. (2008) indeed suggests the usefulness
of such a study for the probe of supernova progenitors
(e.g. Soderberg et al. 2008; Chevalier & Fransson 2008;
Xu, Zou & Fan 2008; Modjaz et al. 2009), for which
our new models would provide ideal input. We will ad-
dress this issue in a forthcoming paper.
6.3. Presence of helium and implications for SNe Ic
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Although the weak signature or no evidence of helium
in SNe Ic spectra may indicate the deficiency of helium
in their progenitors, it is not well known how much he-
lium can be hidden in the supernova spectra. It may
also depend on the degree of mixing of nickel into helium
rich layers (Woosley & Eastman 1995). If we assume
0.5 M⊙, for instance, as the maximum amount of he-
lium allowed for hiding helium lines in SN spectra, our
models indicate that most SNe Ic progenitors at solar
metallicity should belong to two distinct classes in terms
of both ZAMS and final masses, as summarized in Fig. 14
for the binary systems that undergo Case B mass trans-
fer9. The same conclusion was also drawn by WL99 and
Pols & Dewi (2002). But Pols & Dewi considered differ-
ent types of binary systems (see below), and the finding
of ”two mass classes” for the final masses was not obvi-
ous in WL99 due to the very high WR rate adopted in
their study, although it was clearly seen for the ZAMS
masses.
If we assume that primary stars of 12.5 .
MZAMS/M⊙ . 13.5 produce low-mass-class SNe Ic via
Case BB mass transfer, about 62% of the SNe Ic from
Case B systems should belong to the high mass class and
the rest (∼38%) to the low mass class, at Z ≈ Z⊙ (see
Fig. 14). It is important to note that the two classes are
produced by different mechanisms. The high mass class
of SNe Ic progenitors (i.e., MZAMS & 33 M⊙ in Fig 14)
is a consequence of WR winds mass loss, while the low
mass class results from Case ABB/BB mass transfer as
discussed in Sect. 5.1. The ZAMS mass range for the low
mass class may not be much affected by metallicity, while
it should be widened with increasing metallicity for the
high mass class. This leads to the conclusion that the
low and high mass classes would dominate at low and
high metallicities respectively. It should also be noted
that the final mass range for the low mass class may not
change much for different metallicities, while it may de-
crease with increasing metallicity for the high mass class,
due to the increasing WR winds mass loss rates, as im-
plied by the result of WL99.
In the massive close binary systems considered in this
paper, the primary star masses become much smaller
than those of the secondary stars when Case ABB or
Case BB mass transfer begins. If the companion star
mass were lower than the helium star in a close binary
system, the mass transfer rate should become higher than
in the systems of the present study. For example, if a
helium star is located in a very short period binary sys-
tem (P . 1 day) with a less massive companion (e.g. a
neutron star), mass transfer from the helium star may
occur rapidly enough to make a helium-deficient carbon
star, even for MHe,i ≈ 6.0 M⊙ as shown by Pols & Dewi
(2002), Dewi et al. (2002) and Ivanova et al. (2003).
The final masses of such SN Ic progenitors may range
from 1.5 M⊙ to 3.0 M⊙. This scenario was also sug-
gested by Nomoto et al. (1994) to explain the fast light
curve of Type Ic SN 1994I. The ZAMS mass of such a SN
Ic should be in the range of 12 – 20 M⊙ (Pols & Dewi
2002). However, such close helium star plus neutron star
9 For the systems with Case A mass transfer, the each boundary
should move to the right in the figure, but the parameter space
explored with our model grid is not large enough to determine it
quantitatively
systems are supposed to rarely form, and might not con-
tribute much to the population of SNe Ic, compared to
the systems considered in this study.
Our results should have several observational conse-
quences. As mentioned above, the population of SNe
Ic should be dominated by the high mass class for
Z & Z⊙. They would have higher ZAMS and fi-
nal masses than those of typical SNe Ib progenitors
(cf. Kelly, Kirshner & Pahre 2008; Anderson & James
2008). Given that the parameter space for the high
mass class SNe Ic may become larger with a higher
WR mass loss rate, the number ratio of SNe Ic to SNe
Ib, and that of high mass class SNe Ic to low mass
class SNe Ic should increase with increasing metallicity
(cf. Prieto, Stanek & Beacom 2008; Anderson & James
2009; Boissier & Prantzos 2009). The existence of the
two mass classes of SNe Ic progenitors may be re-
lated to some aspects of the observational diversity of
SNe Ic. For example, SNe Ic of the low mass class
is likely to be characterized by rather fast declining
light curves and low luminosities (cf. Iwamoto et al.
1994; Richardson, D., Branch, D., & Baron, E. 2006;
Young et al. 2009), implying that the observed popu-
lation of SNe Ic is likely to be baised to high-mass-class
SNe Ic.
We should also note the huge difference of the binding
energy between the two classes. The binding energy of
the envelope above 1.4 M⊙ in the SN Ic progenitor star
model of Seq. 3 (Mf = 1.64 M⊙) is only about 10
49 erg,
while it should be one or two orders of magnitude higher
for a SN Ic progenitor with Mf & 5.5 M⊙ (see Table 2).
As a consequence, the energetics of SNe Ic might be sys-
tematically different for the two different classes.
On the other hand, the assumption of MHe < 0.5 M⊙
for SN Ic progenitors leads to a ratio of type Ic to Ib
supernova rate (Ic/Ib ratio) of about 0.4 from binary
systems at solar metallicity 10. This appears in contra-
diction with recent observations that indicate rather a
high Ic/Ib ratio of about 2.0 (e.g. Smartt 2009). This
discrepancy would become even larger with fWR = 10, as
implied by Fig. 15. This raises a question on the nature
of SN Ic progenitors, and it should be kept in mind that
we still do not fully understand what distinguishes SN Ic
progenitors from those of SN Ib.
A recent work by Dessart et al. (2010) indicates that
the mass fraction of helium in the outermost layers (Ys),
rather than the total mass of helium, may be more rele-
vant for the presence of helium lines in supernova spectra.
Specifically, it is shown that if helium is well mixed with
CO material such that Ys becomes less than about 0.5,
helium lines are not seen in early time spectra, despite
rather a large total amount of helium (MHe ≃ 1.0 M⊙),
if non-thermal excitation is absent. In our progenitor
models, such a small Ys is realized only for Mf & 5.5 M⊙
at solar metallicity (with fWR = 5). This is not dif-
10 At SMC metallicity, the SN Ibc progenitor models of initial
masses of 16 – 40 M⊙ have 3.9 . Mf . 12 M⊙ withMHe & 1.2 M⊙
(see Table 1). This implies that the low-mass class SNe Ic would
predominantly occur in binary systems at this metallicity. If we
assume stars with 12.5 . Minit . 13.5 would produce low-mass
class SNe Ic as in the case of solar metallicity, the SN Ic/SN Ib
ratio would be about 0.1 at SMC metallicity. The exploration
of the exact mass range for the low-mass class SNe Ic is a time-
consuming task, and we plan to investigate this in near future.
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ferent from the above-discussed mass limit for having
MHe . 0.5 M⊙, implying that the initial mass range
for SN Ic progenitors would not change much even if we
adopted Ys as a criterion, at least for the high mass class.
On the other hand, we have Ys = 0.98 in the primary
star of Seq. 3 at carbon exhaustion while the total mass
of helium is less than 0.2 M⊙. This imples that the ini-
tial mass range for the low mass class SN Ic progenitors
might be affected if the condition of Ys < 0.5 for SN Ic
progenitors were applied. But Dessart et al. (2010) did
not yet calculate such a low mass SN progenitor model
(Mf . 2.0 M⊙), and their analyses were limited to early
times of supernovae. It remains to be an important sub-
ject of future work to systematically investigate which
types of supernova progenitors would lead to the pres-
ence or absence of helium lines in the supernova spectra
at different epochs, including the effect of non-thermal
excitation. Therefore, the above discussion on Type Ic
progenitors based on the total amount of helium should
only be considered indicative at this stage.
6.4. Presence of hydrogen
It is interesting that, at Z ≈ Z⊙, the presence of a
thin hydrogen layer is only expected for a limited range
of the initial/final mass of SN Ib progenitors, as shown
in Figs 11, and 14. The detection of hydrogen ab-
sorption lines at high velocity has been indeed reported
in many SNe Ib (e.g., Deng et al. 2000; Branch et al.
2002; Elmhamdi et al. 2006), in favor of our model pre-
diction for the presence of a thin hydrogen layer in SNe Ib
progenitors. This might provide a strong constraint for
the progenitor masses of observed SNe Ib, in principle.
Note also that explosions of such helium stars with
thin hydyrogen layers could be recognized as SN IIb
rather than Ib, if hydrogen lines were detected short
after supernova explosion, e.g., as in the case of SN
2008ax (Chornock et al. 2010) and as recently discussed
by Spencer & Baron (2010) and Dessart et al. (2010).
The radii of these progenitor models range from ∼
1011 cm to ∼ 1012 cm. They may corredpond to the
”compact” category of SN IIb progenitors, which is dis-
cussed in Chevalier & Soderberg (2010). The relatively
low ejecta masses of such SNe IIb are consitent with our
model predictions.
On the other hand, Case C mass transfer can also
leave helium cores covered with small amounts of hy-
drogen envelope. As the life time of such stars made via
Case C mass transfer should be rather short, they can
retain much more hydrogen (MH > 0.1 M⊙), than what
is predicted from our binary models with Case AB/B
mass transfer. Such a star may eventually explode as a
SN IIb like SN 1993J (e.g. Podsiadlowski et al. 1993;
Maund et al. 2004), with a much extended envelope
(∼ 1013 − 1014 cm).
Therefore, the two categories of SN IIb progenitors ac-
cording to their sizes, which has been recently suggested
by Chevalier & Soderberg (2010), may be understood
within the framework of binary evolution; SNe IIb of the
compact type may be produced via Case AB/B mass
transfer (especially at Z . Z⊙), and SNe IIb of the ex-
tended type via Case C mass transfer.
This work is supported by the DOE SciDAC Program
(DOE DE-FC02-06ER41438), the NSF grant (NSF-
ARRA AST-0909129), and the NASA Theory Program
(NNX09AK36G). We are grateful to Luc Dessart for use-
ful discussions.
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TABLE 1
Properties of the computed sequences
No. Z M1,i M2,i Pi fWR Case Pf M1,f MCO,f MHe MH < j1.4 > Fate
1 0.02 12 8 3.0 5 B+BB 57.9 1.40e 1.21e 0.17e 0.0 0.33 ONeMg WD
2 0.02 12 11 4.0 5 B+BB 104.4 1.48 e 1.24e 0.20e 0.0 0.35 ONeMg WD
3 0.02 13 11 5.0 5 B+BB 123.3 1.64e 1.43e 0.18e 0.0 0.22 SN Ic
4 0.02 14 12 3.0 5 A+AB+BB 118.5 1.33e 1.09e 0.22e 0.0 − ONeMg WD
5 0.02 14 12 5.0 5 B+BB 30.7 2.97 1.66 1.24 1.9(-4) 0.25 SNIb
6 0.02 16 14 2.0 5 A:Contact
7 0.02 16 14 3.0 5 A+AB+ABB 101.8 1.54e 1.33e 0.17e 0.0 0.39 ONeMg WD
8 0.02 16 14 4.0 5 B+BB 26.2 3.66 2.05 1.47 4.5(-3) 0.24 SNIb
9 0.02 16 14 5.0 5 B+BB 33.7 3.65 2.04 1.47 5.0(−3) 0.25 SNIb
10 0.02 18 12 3.0 5 A+AB+ABB 27.9 2.66 1.58 1.01 0.00 0.26 SNIb
11 0.02 18 12 3.0 10 A+AB+ABB 27.3 2.74 1.59 1.08 0.00 0.26 SNIb
12 0.02 18 12 5.0 10 B:Contact
13 0.02 18 17 3.0 10 A+AB+ABB 36.2 3.03 1.68 1.27 7.9(−4) 0.25 SN Ib
14 0.02 18 17 4.0 10 A+AB 29.7 3.79 2.14 1.49 1.5(−3) 0.25 SN Ib
15a 0.02 18 17 4.0 10 A+AB 24.0 3.97 2.27 1.53 1.0(−3) 0.26 SNIb
16b 0.02 18 17 4.0 10 A+AB 50.0 3.80 2.16 1.50 2.2(−3) 0.06 SNIb
17c 0.02 18 17 4.0 10 A+AB 25.2 3.84 2.18 1.50 1.4(−3) 0.26 SNIb
18d 0.02 18 17 4.0 10 A+AB 30.6 3.73 2.14 1.43 0.00 3.57 SNIb
19 0.02 18 17 5.0 3 B 33.1 3.73 2.33 1.23 0.00 0.25 SNIb
20 0.02 18 17 5.0 5 B 32.4 4.04 2.45 1.4 0.00 0.33 SNIb
21 0.02 18 17 5.0 10 B+BB 31.5 4.41 2.51 1.68 9.9(−3) 0.26 SNIb
22 0.02 18 17 6.0 10 B 39.3 4.39 2.56 1.62 4.0(−3) 0.26 SNIb
23 0.02 25 19 6.0 10 B:Contact
24 0.02 25 24 2.0 10 A:Contact
25 0.02 25 24 3.0 3 A+AB 22.7 3.70 2.46 0.98 0.0 0.24 SNIb
26 0.02 25 24 3.0 5 A+AB 22.4 4.33 2.80 1.30 0.0 0.25 SNIb
27 0.02 25 24 3.0 10 A+AB 21.3 5.07 3.17 1.67 0.0 0.25 SNIb
28c 0.02 25 24 3.0 10 A+AB 18.9 5.08 3.19 1.66 0.0 0.32 SNIb
29 0.02 25 24 4.0 5 A + AB 21.5 4.45 2.91 1.22 0.0 0.26 SNIb
30 0.02 25 24 6.0 10 B 27.4 6.49 4.45 1.63 0.0 0.39 SNIb
31 0.02 60 40 7.0 3 A 16.8 4.95 3.70 0.25 0 0.24 SNIc
32 0.004 16 12 3.0 5 B+BB 64.75 3.91 2.22 1.54 1.6(−2) 0.24 SNIb
33 0.004 16 14 3.0 5 B+BB 19.6 3.90 2.21 1.53 1.6(−2) 0.24 SNIb
34 0.004 16 14 5.0 5 B+BB 21.8 3.84 2.19 1.51 1.2(−2) 0.24 SNIb
35 0.004 18 12 5.0 5 B+BB 14.4 4.64 2.76 1.68 1.7(−2) 0.31 SNIb
36 0.004 18 12 8.0 5 B+BB 24.33 4.56 2.68 1.67 1.5(−2) 0.33 SNIb
37 0.004 18 17 3.0 5 A+AB 18.4 4.42 2.55 1.67 2.6(−2) 0.26 SNIb
38 0.004 18 17 3.0 10 A+AB 14.4 4.58 2.61 1.77 2.7(−2) 0.26 SNIb
39 0.004 18 17 6.0 5 B+BB 27.0 4.57 2.71 1.65 1.6(−2) 0.27 SNIb
40 0.004 25 12 3.0 5 A: Contact
41 0.004 25 12 6.0 5 B: Contact
42 0.004 25 19 3.0 5 A+AB 10.2 7.09 4.87 2.03 6.5(−3) 0.32 SNIb
43 0.004 25 24 3.0 5 A+AB 13.0 7.31 5.05 2.07 8.7(−3) 0.28 SNIb
44 0.004 25 24 6.0 5 B:Contact
45 0.004 40 30 4.0 5 A+AB 9.31 12.0 9.42 1.24 0.0 0.56 BH
Each column has the following meaning. Z: the adopted metallicity, M1,i: the initial mass of the primary component in units of M⊙, M2,i: the
initial mass of the secondary component in units of M⊙, Pi: the initial orbital period in units of day, fWR: the correction factor for the WR winds
mass rate given in Eq. (1), Case: the mass transfer case, Pf : the orbital period in units of day, at the end of calculation (mostly at neon burning
in the primary star), M1,f : the mass of the primary star at the end of calculation in units of M⊙, MCO,f : the CO core mass of the primary star
at the end of calculation in units of M⊙, MHe: the helium mass in the envelope of the primary star at the end of calculation in units of M⊙, MH:
the hydrogen mass in the envelope of the primary star at the end of calculation in units of M⊙, < j1.4 >: the specific angular momentum in the
innermost 1.4 M⊙ of the primary star at the end of calculation in units of 10
15cms−1, Fate: the expected final fate of the primary star.
a fsync = 10
5
b fsync = 0.01
c τsync according to Zahn
d Non-magnetic model
e The values are lower limits for M1,f and MCO,f , and upper limits for MHe since the calculation was stop long before the neon burning phase
while the Case BB/ABB mass transfer phase was not finished.
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TABLE 2
Properties of the computed single helium stars at
Z = 0.02
fWR MHe,i Mf MCO,f MHe R R95 Eb
5 2.8 2.73 1.51 1.16 163.54 5.08 0.01
5 3.0 2.91 1.60 1.22 33.40 1.79 0.03
5 4.0 3.72 2.15 1.43 8.01 0.73 0.18
5 6.0 4.23 2.77 1.19 4.19 0.38 0.25
5 8.0 4.95 3.40 0.85 3.07 0.30 0.29
5 10.0 5.49 3.93 0.54 1.59 0.22 0.47
5 15.0 6.44 4.85 0.31 0.59 0.18 0.55
5 20.0 7.09 5.44 0.22 0.48 0.16 0.66
10 3.0 2.95 1.60 1.27 34.96 1.84 0.03
10 4.0 3.84 2.20 1.49 6.94 0.70 0.15
10 6.0 4.93 3.14 1.55 4.29 0.51 0.19
10 8.0 6.06 4.13 1.41 2.55 0.35 0.33
10 10.0 7.01 4.96 1.12 1.94 0.25 0.55
10 15.0 8.89 6.80 0.47 0.54 0.20 0.82
10 20.0 10.33 8.21 0.31 0.40 0.16 1.17
Each column has the following meaning. fWR: the correction
factor for the WR winds mass rate given in Eq. (1), MHe,i: the
initial mass of the helium star in units of M⊙, Mf : the final mass at
the end of calculation (i.e., at neon burning) in units of M⊙,MCO,f :
the CO core mass at the end of calculation in units of M⊙, MHe:
the amount of Helium in the envelope at the end of calculation in
units of M⊙, R: the radius at the end of calculation in units of R⊙,
R95: the radius that encompasses 95 % of the total mass at the
end of calculation in units of R⊙, Eb: the binding energy of the
envelope above 1.5 M⊙ at the end of calculation in units of 10
51erg
